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PREFACE 
One of the main objecti\es of the present study was to glean some useful and interesting 
information about the multiparticle production at high energy nuclear interactions. These studies 
are considered to be very important for some aspects of nuclear interactions, such as mean 
multiplicity, multiplicity distribution and pseudorapidity distribution and correlation amongst 
the various secondary charged particles, etc., which may provide very useful infonnation about 
the formation of quark-gluon plasma in relativistic nucleus-nucleus collisions. 
For examining the mechanism of multiparticle production in nuclear collisions at 
relativistic energies, experimental values of some important parameters relating to the collisions 
are compared with the values predicted by different models. A brief introduction to the important 
characteristics of relativistic nuclear collisions is presented in Chapter 1. Further, the major 
heavy-ion facilities world-wide are briefly discussed in the same chapter. 
Stacks of ILFORD G5 emulsion, exposed to the beam of 4.5A GeV/c '"C- and "**Si-nuclei 
and 14.5A GeV/c "^Si-nuclei, was used. Furthennore, for examining the dependence of the 
various aspects of multiparticle production in A-A collisions on the mass and the energy of 
projectile, data on 3.7A GeV/c '*0-nucleus collisions and FRITIOF 3.7.A GeV/c '*'0-nucleus 
collisions, with the same description, available in our laboratory are also analyzed. Various 
details regarding the criteria for selecting events, scanning procedure, identification of tracks and 
methods of various measurements, etc., are presented in Chapter 2. 
Various interesting features of multiparticle production such as method of separating out 
events due to different targets, multiplicity distribution and correlations amongst various types of 
secondary particles and their dependence on the mass and the energy of the projectile are 
discussed in Chapter 3. The aspect of multifractality phenomenon has also been looked into in 
temis of Gq-moment. Theory of multifractals gives a method of multifractal moments to 
investigate the variation of multifractal moments with rapidity bin width also discussed in 
Chapter 3. 
Finally, summary and conclusions, based on the results of the present study, are presented 
in Chapter 4. 
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CHAPTER I 
Introduction 
Particle physics studies the tinest objects of Nature. Looking into the very small and 
fundamental, it also looks very far back into time, just a few moments after the Big Bang. 
According to the current theories, the Universe, bom from the Big Bang, went tlirough a stage 
during which matter existed as a sort of extremely hot, dense soup — called quark-gluon plasma 
(QGP) — composed of the elementary building blocks of matter [1]. As the Universe cooled, the 
quarks became trapped into composite particles such as protons and neutrons. This phenomenon 
is called the confinement of quarks. 
The LHC is able to reproduce the QGP by accelerating and colliding together two beams 
of heavy ions. The energy density and temperature that will be made available in the collisions at 
the LHC are similar to those that existed a few moments after the Big Bang. Nuclear collisions at 
relativistic energies may be an important of producing QGP, a deconfined state of matter. QGP is 
also believed to be present in the core of neutron stars (cold QGP) [2]. But these two sources are 
not within the reach. The collisions of heavy nuclei at ultra-relativistic energies are the only 
present source of producing QGP [3-8] in the laboratory. Hence, an ultimate aim of studying 
these collisions is to create the conditions under which the hadronic matter may undergo chiral 
symmetry restoring phase transition from nuclear matter to quark-gluon plasma; the degrees of 
freedom of the new de-confined state of matter are the constituents of hadrons, that is, quarks 
and gluons. 
At present, it became possible to systematically study the physics of relativistic nuclear 
collisions with the help of accelerator teclinology. AGS at BNL and SPS at CERN were the most 
capable accelerators to search the heavy-ion collisions in depth. Also RHIC began operation in 
2000 and until November 2010 was the most powerful heavy-ion collider in the world. Prelude 
results from the RHIC indicate the creation of a liquid-like QGP. Cuirently, the Large Hadron 
Collider was built by the European Organization for Nuclear Research (CERN), will provide a 
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window onto the state of matter that would have existed in the early Universe, called 'quark-
gluon plasma'. Details of the heavy-ion accelerators are presented in Table 1.1. 
Most of the existing fundamental secrets of particle physics such as the existence of 
Higgs bosons, spontaneous symmetry breaking, chiral symmetry restoration, possibility of 
existence of more fundamental building blocks of matter and search for the signals of QGP 
fonnation are expected to be solved after LHC results. 
Table 1.1 Details of commissioning of heavy-ion accelerators. 
Machine 
AGS 
SPS 
AGS 
SPS 
RHIC 
LHC 
Location 
BNL, USA 
CERN, Geneva 
BNL, USA 
CERN, Geneva 
BNL.USA 
CERN, Geneva 
Projectile 
Beam 
'-'Si 
'^ o."s 
"^Au 
208pb 
" '^Au 
-"*Pb 
Energy/nucleon 
GeV 
14.5 
200 
11.5 
158 
100 
2700 
Type of 
experiment 
Fixed target 
Fixed target 
Fixed target 
Fixed target 
Collider 
Collider 
Commencement 
Year 
1986 
1986 
1992 
1994 
2000 
2007 
1.1 Need for ultra-relativistic heavy-ion beams and high energy 
At high energy densities, nuclear matter should undergo a phase transition to an entirely 
new state, the quark-gluon plasma (QGP) [9-13]. Collisions between high energy beams of 
heavier nuclei are providing glimpses of hot. dense states of matter reminiscent of the Big Bang. 
For example, the Relativislic Heavy Ion Collider (RHIC) at Brookliaven National Laboratory has 
been providing experimentalists with colliding beams of heavy nuclei at ultra relativistic energies 
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as high as 100 GeV per nucleoli. The purpose of this accelerator is to seek out and explore new 
high-energy fonns of matter and thus continue the centuries-old quest to understand the nature 
and origins of matter at its most basic level. The first measurement of head-on collision at RHIC 
energies, with nuclei as heavy as gold, already taken us a major step towards the long-sought 
quark-gluon plasma. 
1.2 Physics motivation 
Current theories do not correctly predict the collision cross-section for the QGP 
formation. It is worth mentioning that creating an environment necessary for the fomiation of 
QGP does not mean that all the possible collisions between heavy nuclei at ultra-relativistic 
energies would produce QGP. So, searching for a clear evidence of QGP formation, a deep and 
thorough understanding of the background will help straighten out information about the QGP 
fomiation. Hence, physics process involved starting with the QGP fomiation. As the 
experimentalists are preparing for their experiments of ultra-relativistic heavy-ion collisions at 
RHIC (BNL) and LHC (CERN), the most pressing question theoretician face is the initial 
condition of the dense matter which is created in the reactions and later on materializes into 
hadrons [14]. Since the whole purpose of the RHIC (and LHC) program is to create and detect 
quark gluon plasma in high energy heavy-ion collisions, it is important to know theoretically 
whether such an initial condition is formed. The Relativistic Heavy Ion Collider at the 
Brookhaven National Laboratory in the USA was constructed with one of its goals to study QCD 
under extreme conditions and search for evidence of the QGP. Beginning in 2000, the RHIC has 
run successfully with a variety of beam conditions and energies and shed light on the sought after 
QGP but also discovered many puzzles. 
The main motivation of the investigations of high energy nuclear collisions is to study the 
quark-gluon substructure of nuclear matter and the possibility of a phase transition from a 
hadronic matter to a quark-gluon plasma at extremely high energy densities. The ultra-relativistic 
nuclear collision program has been designed to study both the fundamental and 
phenomenological problems in this subfield. We have developed programs in particular to assist 
the analysis and understanding of both the existing and future experimental data, to find a 
promising, reliable set of signatures for the phase transition, and to predict new results from 
P a g e I 4 
fundamental theories under the extreme conditions. Despite this, many physicists have carefully 
analyzed the available data on relativistic nuclear collisions in order to understand the dynamics 
of A-A collisions. A number of models on hadron-hadron(h-h) and hadron-nucleus(h-A) 
collisions have been proposed and suitable changes in the existing models on h-h and h-A 
collisions have been incorporated for exploring the dynamics of multiparticle production in 
relativistic nuclear collisions [14-17]. 
Relativistic nuclear collisions provide a chance to understand the space-time development 
of the production of secondary particles, the target nuclei in A-A collisions play the role of 
detecting products of the reactions. Particles produced in high energy nuclear collisions re-
interact with nuclear medium and their multiplicities may fluctuate. Multiparticle productions in 
these collisions are ideated to take place mainly via random emission [18] and correlated 
production processes [19]. To understand the processes involved in A-A collisions at relativistic 
energies, emission characteristics of charged secondaries producing black, grey and shower 
tracks need to be carefully investigated. Features of multiplicity and angular distributions and 
their dispersions, intercorrelations amongst them would help distinguish between the various 
models of multiparticle production. The availability of the event generators, based on the models 
on multiparticle production, has provided an opportunity to compare the findings with the 
models predictions by generating similar events and carrying out a parallel analysis of the 
simulated data. 
A pov,'er law grov/th of the Scaled Factorial Moments (SFMs) [20] has been used in the 
analysis of event-by-event correlations and fluctuations, as they allow for a "direct" access to the 
"dynamical" fluctuations of the multiplicity. We propose to study the factorial moments of the 
rapidity distribution of particles in an event as a function of the resolution, i.e. the size of rapidity 
interval used in constructing the distribution, hi contrast to nonnal moments which correspond to 
averaging over all rapidity intervals the number of particles raised to some power, the use of 
factorial factors allow one to decrease considerably the statistical bias due to the finite 
multiplicity per event. This measure allows one to exhibit possible interesting dynamical 
phenomena such as the emergence of new scales or the existence of an "intermittent" 
background, i.e. cascading fluctuations at ditTerent scales. Particularly in this case, the advantage 
of this measure over others, like for instance, the rapidity correlations, relies upon the simple 
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way by which the complicated patterns of fluctuations are summarized into a few numbers 
independently of the numbers of scales involved in the process. A complete approach to extract 
the occurrence of dynamical fluctuations is examined in terms of the multifractal moments, first 
proposed by Hwa and others [21, 22]. They have suggested a power law behavior similar to that 
of scaled factorial moments as an indication of underlying dynamics. 
1.3 Models of nuclear collisions 
Different models for multiparticle production in high energy nucleus-nucleus collisions 
have been proposed in order to explain various experimental results. In the following we discuss 
briefly some of the important models of multiparticle production which explain various 
experimental results on particle production in interaction processes. 
1.3.1 Wounded nucleon model 
Multiparticle production in relativistic nuclear collisions can be satisfactorily explained 
by wounded nucleon model [23]. The wounded nucleon model and its extensions have become 
the basic tool in the analysis of relativistic heavy ion collision. This model is regarded as one of 
the simplest of all the models. Features of particle emission, including angular distribution of the 
produced particles, can be well understood using wounded nucleon model. According to this 
model, the number of relativistic charged particles produced in A-A collisions should depict a 
scaling behavior with the mean number of wounded nucleons, W. Also, the particle multiplicity, 
nAA, in such collisions at a given projectile energy is given by UAA = l/2Wnpp(E), where npp(E) is 
the particle multiplicity in a p-p collisions at the same energy. Again consider a parameter 
M = UAA / W, which is called the multiplicity per participating nucleon. The parameter M is 
useful in comparing the multiplicities detected in the colliding system of different sizes; M is 
envisioned [24] to depend only on the collision dynamics and does not count on impact 
parameter, b. On the other hand, W is followed to calculate on the nuclear radius, density and 
impact parameter, b. The number of the wounded nucleons in a nuclear interaction is judged 
from: 
W = + -^-^ = Wj+ Wp (1) 
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where OPT is the total inelastic hadronic cross-section for the projectile nucleus colliding with the 
target and ONP and ONT are the cross-section for the interactions of nucleon with projectile and 
target nuclei, Ap and AT represent the mass number of the projectile and the target nuclei and Wj 
and Wp represent the numbers of the wounded nucleons of the target and the projectile nuclei. To 
determine the number of wounded nucleons in a central A-A collisions, maximum impact 
parameter, bmax is used. Applying Glauber approach, to compute the cross-section using inelastic 
hadronic cross-sections and nucleon density fluctuations of the target and the projectile. The 
value of bmn\ for the central collisions may be obtained using: 
CTpart = rt b max = OPT Ncentral / Ntoial (2) 
where Nctnirai and Hoiai represent the number of the central and total interaction for a given 
sample of A-A collisions. 
The excited and unexcited nucleon cross-sections due to different interactions have same 
value; the number of the interactions caused by the target and projectile may be obtained using: 
^ ^ ^ A T £ N N (3^ 
CTNT 
and vp = Ap ONN ONP (4) 
The total number of the interactions caused by the projectile nucleons with the target 
nucleons may be obtained from: 
V = Wp Vy = Wx Vp (5) 
It has been reported [25-27] that the predictions of the wounded nucleon model are in fair 
agreement with the results obtained for the experimental and the FRITIOF data on 200A GeV/c 
'^O- and '"S-Em. interactions and 158A GeV/c Pb-Pb collisions. 
1.3.2 Hydrodynamical model 
According to the hydrodynamical model [28], the interaction mean-free path of a particle 
is very small as compared to the size of the colliding system. In this model, the two colliding 
nuclei are treated as two drops of nuclear fluid which on interaction merge together and form 
another drop of fluid. The properties of the nuclear drop thus fonned obey the usual 
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themiodynamical laws. This concept of collisions is governed by certain primary conditions, 
which are necessary to be fulfilled for the validity of this concept of the collisions. These 
conditions may be stated as: a large number of degree of freedom is shown by the colliding 
nuclei, i.e. collisions time and the time required for the system to reach an equilibrium state must 
be comparable. The resuhing drop formed by the two fluid-drops, corresponding to the target and 
projectile nuclei, is the main source of secondary particle production in the collision. 
1.3.3 Collective tube model 
A new approach based on the collective tube model [29] is developed for understanding 
momentum transfer to target fragments in high energy hadron-nucleus collisions. Collectively 
make an appearance itself in an enhanced dependence of momentum transfer on projectile 
energy, consistent with experimental results for deep-spallation reactions. In collective tube 
model, every colliding nuclei is considered to combine many parallel nuclear tubes lying along 
the beam directions during collisions. Many tube-tube collisions are imagined to define a 
collision between two nuclei. The number of such colhsions depends on the impact parameter 
and cross-section, value of cross-section, o, may be calculated using the expression: 
o = OiPP (6) 
where Cj''^  is the inelastic p-p interaction cross-section. A salient point in the CTM is that the 
incident particle sees a nucleus that is Lorentz contracted to a thin disk, so a tube-tube collision 
may be viewed as a collision between particles. The values of Mandelstam variable s, which 
defines the square of the center-of-mass energy, in a tube-tube collision is calculated from: 
5 i i , , 2=2 i | i 2 m p (7) 
where ii and i: respectively represent the numbers of nucleons in the tubes coiresponding to 
projectile and target nuclei, p is the momentum per nucleon of the incident nucleus in the 
laboratory frame and m is the nucleon mass. So the main theme of this model is to consider a 
nucleus-nucleus collision as many tube-tube collisions, and tubes are nothing but the projectile 
and target nuclei. 
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1.3.4 FRITIOF of the LUND model 
One of the most famous simulation models being used is FRITIOF of the Lund model 
[30]. It is based on peculiar properties of the relativistic nuclear collisions, i.e. string fomiation 
and its fragmentation. Mainly string refers to a longitudinally oriented object fonned when the 
nucleons of the projectile come closer than some minimum distance, d < ( C^U^K )"'. According 
to FRITIOF model, a string is formed when momentum exchange, that is, longitudinal 
excitation. This means that an interaction between two hadrons with large momenta results in 
two longitudinally excited objects, called strings. Transverse momenta and masses are assigned 
to the string pieces at string fragmentation according to LUND fomiation [31] of the 
fragmentation. 
The FRITIOF Code 
The high level computer programming language, FORTRAN 77, was used to write 
FRITIOF code. Various \'ariables in the main programme, such as atomic and mass numbers of 
the target and projectile nuclei, projectile energy and the number of events to be generated can be 
set by the user requirements. For instance, the subroutine JETSET in the FRITIOF code takes 
care of hadronization and decays of particles. 
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CHAPTER II 
Experimental techniques 
For investigating the mechanism of multiparticle production in high energy nucleus-
nucleus collisions, measurements of a number of parameters relating to the emission 
characteristics of secondary particles produced in these collisions are carried out. Masses of the 
secondary particles are detemiined by measuring space localization of the trajectories of charged 
particles, measurements of charges, emission angles, momentum and velocity of secondary' 
particles, etc. 
The study of multiparticle production in high energy nucleus-nucleus collisions has been 
attracting considerable attention for the last several years. The revival of this interest may be due 
to the fact that hadron-nucleus(h-A) and nucleus-nucleus(A-A) interactions help study the space-
time development of hadronic matter and the nucleus may be considered as a dense collection of 
nucleons. The size, density and collection of nucleons is of a magnitude which makes the 
nucleus a useftil tool for the study of elementary particles produced in nucleus-nucleus and 
hadron-nucieus collisions. The idea of using the emulsion nuclei as the target and anah'zer of the 
secondaiy charged particles produced in high energy interactions has been discussed by various 
workers. The study of nucleus-nucleus collisions also offers the possibility of testing different 
models of multiparticle production. Further, it is now hopefully believed that the number of grey 
tracks in an interaction is a good measure of the number of interactions made by incident hadron 
inside the nucleus. It may of interest to mention that nuclear emulsion technique is prefen'ed over 
other techniques due to excellent .spatial resolution. Apart from detecting charged particles, 
nuclear emulsions also provide infomiation about their masses and energy. The stopping power 
of nuclear emulsions is about 1700 times higher than those of the standard air [1]. Additionally, 
4ji angular coverage provided b> nuclear emulsion turns out to be quite u.seful for examining the 
features of nuclear interactions such as mean multiplicity, multiplicity distribution, 
pseuciorapidily distributions, etc. 
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2.1 Composition of nuclear emulsions 
A photographic emulsion designed to record the trajectories (tracks) of charged particles. 
It is used in nuclear physics, elementary particle physics, and cosmic ray physics for 
autoradiography and in nuclear radiation dosimetry. A nuclear emulsion plate is a photographic 
plate with a particularly thick emulsion layer and with a very uniform grain size. Small crystals 
of silver-halide, mostly bromide with a small admixture of iodide, embedded with gelatin 
constitute the heterogeneous medium [2-5] of nuclear emulsion. Nitrogen, oxygen, carbon and 
hydrogen mixed with a small portion of glycerine are the main components of gelatin. Gelatin 
acts as a suspension matrix in which silver halide crystals get fixed in. Gelatin provides a 
compact three-dimensional network, which locates the small crystals and prevents them from 
migrating during development and fixation. The brittleness of the emulsion gets reduced due to 
the presence of glycerine. Emulsion stays moist for a relatively longer period and does not peel 
off due to the presence of water content. 
Two features distinguish nuclear emulsions from ordinary photographic emulsion: the 
mass ratio of silver halide to gelatin in the foraier is eight times higher than that of conventional 
emulsions, and the thickness of the emulsion layer is usually from 10 to 100 times greater, 
sometimes reaching 1,000-2,000 micrometers or more (the standard thickness of commercial 
photographic emulsions is 100-600 micrometers). The silver halide grains in nuclear emulsions 
are spherical or cubical in shape, with an average size (depending on the grade of emulsion) 
usually between 0.08 and 0.30 micrometers. 
There are currently three types of nuclear emulsion namely ILFORD nuclear emulsions, 
with a fourth under development specifically for Particle Physics. 
ILFORD emulsion 
G5 
K 
L4 
Ciystal diameter (|Jm) 
0.27 
0.20 
0.11 
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ILFORD K emulsions are available in a range of sensitivities, which are defined by a 
number denoting increasing sensitivity from 0 to 5. 
KO 
K2 
K5 
Used in particle physics to record protons of 
Energies up to 5MeV. Records thorium a-
particles as nearly continuous tracks. Produced 
only by special order. 
Records protons to about 80 MeV. Slow 
electrons produce tracks of a few grains only. 
Exposure times tend to be shorter than with 
K2, especially where activity levels are low. 
K5 emulsion is also available in a ready-to-use diluted forni as K5D. When using 
isotopes emitting particles of higher energy, use K5, when handling specimens of exceptionally 
low activity, use G5. For specialist applications using strongly ionizing particles such as 
cx-particles or fission fragments, KO can be made available. A ftirther range of emulsions is under 
development for particles physics experiments. These will be even more sensitive to minimum 
ionizing particles than G5 emulsion. Preliminary samples can be made available by arrangement. 
Given in table 2.1 are the compositions [6] of G5 nuclear emulsion. By mass the 
emulsion is composed of : - 1% hydrogen(H), 16% carbon-nitrogen-oxygen(CNO) and 83% 
silver-bromide(AgBr). The average mass numbers, <A>, of the different groups of nuclei may be 
calculated using < A> = -jf^'- the values of <A> for H, CNO, emulsion and AgBr groups of 
nuclei thus turns out to be equal to 1, 14, 70 and 94 respectively. 
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Table 2.1 Composition of the standard G5 nuclear emulsion 
Element 
H 
C 
N 
0 
s 
Br 
Ag 
Charge(Z) 
1 
6 
7 
8 
16 
35 
47 
Mass 
number(A) 
1 
12 
14 
16 
32 
80 
108 
Mass in gm of the 
Elements per cm^ of Em. 
0.05 
0.28 
0.07 
0.25 
0.01 
1.34 
1.83 
No. of atoms/cm' of 
Em.(xl0--) 
3.22 
1.39 
0.32 
0.94 
0.01 
1.01 
1.02 
2.2 Track formation 
Charged particles or electromagnetic radiation associated with nuclear reactions affect 
nuclear emulsions in a manner similar to light. The process of development greatly amplifies the 
initial weak effect (the latent photographic image), just as the Town-send avalanche in a Geiger 
counter and the intense development of bubbles in a bubble chamber greatly magnify the weak 
effects associated with the initial ionization produced by a charged particle. Charged particles 
usually have high energy and consequently can produce sensitivity centers in the siher halide 
grains located in their path. After the nuclear emulsion has been fixed, a chain of black grains is 
formed along the trail of tlie particle. Particle tracks are obsen'ed by a microscope at a 
magnification of 200-2,000 diameters. 
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Measurements of ionization produced in the silver iialide crystals by charged particles 
passing through it is one of the most basic measurements that are carried out using nuclear 
emulsion technique. The rate of energy loss, (-dE/dX), by a charged particle while traversing 
through a medium is given by Bethe-Bloch formula: 
dE MuNZz^e'^N^ Zmv^ ^ _^  
dX V mv^A ) ^ M(l - |32) 
Where Z and A respectively are the mean atomic and mass numbers of the target atoms of the 
medium, ze is the charge of the particle moving with a relative velocity P(=v/c), c being the 
speed of light in vacuum, N denotes Avogadro's number, m is the rest mass of electron and 1 
represent the mean ionization potential of the target atoms. 
Charged particles lose their energies to the atomic electrons while traversing tlirough 
emulsion. If the energy given to electrons exceeds the ionization potential of the atom, ionization 
of atom takes place. Due to this some of the halide grains in the emulsion become developable. 
When they are immersed in a reducing bath, called developer, they turn into the grains of 
metallic silver, which appear black. A series of black grains fonned along the trajectory of a 
charged particle is referred as the track of the particle. Charged particles or electromagnetic 
radiation associated with nuclear reactions affect nuclear emulsions in a manner similar to light. 
Measurement of ionization produced by a charged particle together with scattering, 
information regarding the identity and velocity of the particle producing that track may be 
obtained. Particles moving with higher velocities produce weaker ionization and hence the grains 
formed would be quite rarer. When an incident particle interacts with the constituents of nuclear 
emulsion, it is called an interaction and the trajectories of the particles produced in the 
interaction are tenned as the tracks of the secondary particles. The tracks in an interaction appear 
to be a single point, called the vertex; a recorded interactibn in emulsion is referred to as STAR 
on account of its characteristic appearance. 
2.3 Scanning procedure 
The process of searching the position of the events caused by the collisions of the 
projectile and emulsion nuclei in nuclear emulsion is known as the scanning of events. 
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There are two types of scanning: (i) area scanning and (ii) line scanning. 
In the line scanning, one follows each primary track in a systematic manner from the 
entrance edge so that no interaction is left out. Each beam track was picked up at least 3 mm 
from the entrance edge and followed till it interacted or left the pellicle from the air or glass 
surfaces of the emulsion. It may be pointed out that 40X objectives and lOX eyepieces on 
NIKON binocular compound microscopes were used for the line scanning. 
2.4 Methods of ionization measurements 
The ionization caused by a charged particle may be calculated by measuring grain density 
of the track of the particle. The track of a particle in emulsion appears as minute trail of the silver 
grain. The number of developed grains of silver halide per unit length of the particle is ternied as 
the grain density which is a function of ionization loss of the particle and thus depends upon the 
charge and velocity of the particle. For higher velocities of the particles, the developed grains are 
well separated from each other and can be easily counted. However grain density g in a track, 
corresponding to a particular value of the ionization depends on the degree of development of the 
emulsion. In case of particles, which are heavily or moderately ionizing, grains combine together 
to form blobs along the tracks. In these cases ionization is determined by counting the numbers 
of blobs and gaps over a certain track length. 
When the energy loss of a secondary charged particle is large enough while traversing 
through nuclear emulsion, about a few KeV, observable shorter track is fonned. This is temied as 
a delta-ray. Delta-ray density is detemiined for measuring the charges of the particles which 
form these tracks. Delta-ray density along the track of a particle is directly proportional to the 
square of its charge. Delta-ray density helps determine the charges of the multiply charged 
particles. 
A charged particle traversing through nuclear emulsion suffers a large number of multiple 
collisions and loses its energy and finally comes to rest temiinating its track. The length of the 
track forni its origin to the last de\elop'ed grain is called range, R, of the charged particle. Also, 
the range of a charged particle is the a\erage distance traversed by a particle in unprocessed 
emulsion before its kinetic energy reduces to zero. While computing the actual value of the range 
we must take the shrinkage and other distortions into account which the emulsion undergoes 
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during its processing. These factors affect the range of the particle. For relatively faster particles, 
ranges are generally longer and may not end in emulsion. In such cases, determination of energy 
of the secondary particles may be carried out by perfonning scattering measurements as well on 
their tracks. Following methods are used to measure ionization produced by charged particles. 
(i) Grain density method 
The grain density of a track is the number of developed grains per unit length along the 
track. On the tracks of relatively faster particles, the grain density method may be used for 
determining their ionization. By measuring the grain density, g, on the track of any particle, the 
nonnalized grain density or specific ionization, g*. is detennined using the relation, g' = —, 
go 
where go is the mean grain density measured on the track of the primary particle; go is also 
known as plateau ionization. Measurements of g* gives a reliable estimate of the ionization 
along the track having low ionization. 
(ii) Blob and gap method 
The gap-length distributions [7] between neighboring blobs have an exponential behavior 
of the type: 
H(l) = Be'"'^ " (9) 
where H(l) denotes the density of the gaps of lengths greater than or equal to 1. B is the blob 
density and g is known as the coefficient of the exponential of the gap length distribution. 
Fowler and Perkins regard g as the most appropriate parameter for measuring ionization 
produced by charged particles. The ionization of a charged particle can be measured by 
detennining blob and gap densities on the track choosing 'V such that the total number of blobs 
is about four times the number of gaps, i.e, B=4H. Further, Fowler and Perkins used the 
following empirical relationship to estimate the ionization produced by a charged particle: 
B = ge-"^  (10) 
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The value of parameter a depends on the size of developed grains and on the optical 
resolution of the microscope and the convention adopted by an obser\'er. Its value lying between 
0.6 and 0.7 (.im for G5 emulsion. 
However, if the ionization, g, of a charged particle is about lOgo and the number of the 
gaps having lengths 1| and h are H| and H2 respectively, then g may be determined from 
g = r-Vloge(^) (11) 
I 1 - I 2 n2 
It may be stressed that the parameter g* is found to be practically insensitive to the 
degree of development of the emulsion used. 
(iii) Delta-ray counting 
When a large amount of energy is transferred to atomic electrons, by a charged particles 
traversing through nuclear emulsion, it causes secondary ionization; the secondary ionization 
results in the formation of a series of short tracks branching out from the main track. The tracks 
having some characteristics lengths greater than a certain minimum length are defined as delta-
ray [8, 9]. The grain configuration to be counted as a S ray must attain a minimum displacement 
of 1.58n from the axis of the particle track. 
2.5 Classification of tracks 
Depending upon the values of specific ionization, g*, the secondary charged particles 
produced in high energy interactions may be divided [10, 11] into the following three classes. 
Shower tracks 
The tracks of particles having ionization I less than or equal to 1 AIQ are called shower 
tracks. IQ is the minimum ionization of a singly charged particle. The shower particles are 
ordinarily due to pions with a small admixture af K-mesons and fast moving protons. These 
particles are produced in a fonvard cone. The velocities of these particles are greater than 0.7c or 
P >0.7, where c is the velocity of light in free space. Because of high velocity, these particles are 
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not confined within the emulsion pellicle. These showers particles are most energetic among the 
three kinds of particles. Their energies are in the range of GeV. 
Grey tracks 
Those charged particles having relative velocities lying in the interval: 0.3<p<0.7 
produce grey tracks. The specific ionization, g*, of the particles producing grey tracks lie in the 
range: 1.4<g*<10. Most of the particles producing grey tracks are recoil target protons which 
carry vital infonnation about intra-nuclear cascading: small numbers of deuterons and tritons 
may also produce grey tracks. The number of grey tracks in an interaction is represented by n .^ 
The sum of the numbers of showers and grey tracks in an interaction is known as compound 
particle multiplicity and their number in a collision is represented by nc = ng+nj. 
Black tracks 
The tracks which have specific ionization, g*>10, have been designated as black tracks. 
Target associated particles are envisaged to form black tracks; these particles are mostly emitted 
due to the de-excitation of the excited target nuclei through evaporation. The particles producing 
these tracks are mostly protons but may consist of both singly and multiply charged fragments. 
They are the fragments of various elements such as carbon, lithium, beryllium etc. The numbers 
of these particles produced in an interaction is designated by Ub. 
In the emulsion experiments, it is very difficult to measure the charges of the target 
fragments. Therefore, the identification of the exact nucleus is not possible. Black and grey 
tracks, taken together, are referred to as heavily ionizing tracks or heavy tracks. The numbers of 
heavily tracks in an interaction is denoted by n^ (= nb+n;,). 
2.7 Angular measurement 
For measuring the space angle of a track with respect to the primary, its projected angle 
in X-Y plane with respect to the X-direction and dip angle in YZ plane are detennined directly. 
Knowing the projected angle. G,,. and the dip angle, 6 ,^ the space angle is calculated from: 
Gs = cos'' [cosGp*cos6d] (12) 
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If the angular separation between the tracks in the forward cone is very small then it is 
very difficult to measure the projected and dip angles because of the fact that the tracks are 
overlapping to each other. In such cases, the X, Y, Z coordinates at two points on the track are 
first measured and then Gp and Gj evaluated using the following expressions: 
dY 
•dX^ ep = tan-H—) (13) 
ed = t a n - H ^ ) (14) 
It should be punctuated that the dip angle. Gj, in the unprocessed emulsion is determined from: 
, SF*dZ 
ed = t a n - n - ^ ^ ) (15) 
where S.F. is the shrinkage factor, which is the ratio of the thickness of the unprocessed and the 
processed emulsion. The space angles of the tracks having smaller angular separations are 
calculated using the expression: 
, dY SF*dZ 
Bs = cos-i[cos ( t a n - ^ ^ ) ) * cos ( t a n - ^ ^^ )) (16) 
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CHAPTER III 
Some interesting features of relativistic charged particles 
produced in 4.5A GeV/c '^ C- & ^^Si-nucleus interactions 
and 14.5A GeV/c ^^Si-nucleus interactions. 
3.1 Introduction 
Study of general characteristics of various secondary particles produced in high 
energy nucleus-nucleus collisions is considered to contain the most significant information 
about the multiparticle production. Relativistic nuclear collisions are considered to be very 
complex because of their geometry and involvement of a large number of participating 
nucleons. Interest in the study of relativistic nuclear collisions has increased due to the fact 
that the study of these collisions may provide an opportunity to disentangle infonnation about 
the formation and properties of quark-gluon plasma (QGP). It is imagine that when QGP will 
be formed, the degrees of freedom of new state of matter [1], quarks and gluons, will be in 
de-confined state. On the basis of deep studies on relativistic nuclear collisions, very 
important information about QGP formation have been obtained, which disclose that the 
mechanism of QGP formation is quite complicated [2-4]. In investigating the salient features 
of the de-confined state of nuclear matter, QGP, study of the global observables such as 
decomposition of energy, momentinn spectra and distributions of multiplicities of secondary 
particles plays an important role [5-9] in understanding the mechanism involved. This chapter 
essentially covers the results on some interesting features of relativistic nuclear interactions 
such as mean multiplicity, multiplicity distribution, correlation amongst the secondary 
particles produced in reladvistic nucleus-nucleus collisions. 
3.2 Mean multiplicity 
When a large number of particles are produced in demolishirig heavy-ions at high 
energy, the very natiual quantities to study theoretically and experimentally are their 
averages, such as the mean multiplicity < n >. The values of the mean multiplicities of 
vanous types of secondary charged particles produced in "C-nucleus and '"Si-nucleus 
collisions at 4.5 GeV per nucleon energy and "^Si-nucleus collisions at 14.5 GeV per nucleon 
P a g e I 23 
energy along with their values for '^O-nucleus interactions at 3.7 GeV per nucleon incident 
energy are listed in table 3.1. It may be mention that the values of < Ub >, < Ug >, < n^  > and 
< Uch > are observed to vary with the projectile mass, Ap, as: < n^  > a Ap"^ , where x=b, g, s, 
ch and < Ux > denotes the mean multiplicity of a particular type of particle and ax is a constant 
to be detennined from the relevant data. The mean multiplicity of relativistic charged 
particles, <ns>, is found to increase with increasing projectile mass. Incidentally, this 
behavior is in conformity with the prediction of the superposition models [9-10]. 
Table 3.1 Mean multiplicities of various secondary particles. 
Energy 
Per nucleon 
3.7 
FRITIOF 
3.7 
4.5 
4.5 
14.5 
Interaction 
type 
'^O-CNO 
"^0-Em. 
'^O-AgBr 
'^O-CNO 
'^0-Em. 
"O-AgBr 
'-C-CNO 
'-C-Em. 
'-C-AgBr 
-'^Si-CNO 
""Si-Em. 
-'^Si-AgBr 
"Si-Em. 
-^'Si-AgBr 
< n b > 
2.77±0.14 
7.0I±0.34 
12.22±0.34 
1.98±0.03 
2.83±0.02 
3.9I±0.15 
2.17±0.13 
8.24±0.31 
12.54±0.35 
1.93±0.10 
6.74±0.40 
13.64±0.75 
2.34±0.11 
6.96±0.22 
10.50±0.24 
< n g > 
1.44±0.11 
4.39±0.27 
7.92±0.38 
2.535±0.06 
4.76±0.03 
8.16±0.16 
1.21±0.08 
4.59±0.22 
7.21±0.29 
1.22±0.07 
3.72±0.22 
7.28±0.41 
1.50±0.08 
4.70±0.18 
7.15±0.22 
< n s > 
8.88±0.52 
I2.76±0.50 
17.88±0.69 
7.35±0.15 
10.99±0.05 
11.94±0,23 
5.88±0.25 
8.57±0.24 
10.66±0.33 
8.85±0.40 
13.26±0.45 
19.58±0.76 
16.07±0.57 
22.02±0.6] 
22.60±0.90 
< n c h > 
13.93±1.01 
24.34±1.00 
38.75±0.94 
11.93±0.25 
18.42±0.I2 
24,75±0.56 
9.80±0.34 
21.40±0.67 
30.41±0.80 
12.01±0.46 
23.72±0.89 
40.49±1.47 
I9.90±0.60 
33.68±0.87 
44.24±1.16 
Ref. 
28 
28 
Present 
work 
Present 
work 
Present 
work 
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From table 3,1, it is seen that the value of the mean multiplicity of relativistic charged 
particles, <ns>, increases with increasing projectile energy. The mean multiplicity of grey 
particles, <ng>, also exhibits an increasing trend as a ftinction of mass and energy of the 
projectile. However, the mean multiplicity of black tracks, <nb>, does not show any particular 
trend. On the other hand, the value of the mean multiplicity of all the charged particles, 
<nch>, is observed to increase with increasing mass as well as energy of the projectile. In 
table 3.1 the corresponding values of < nb >, < ng >, < n^ >, and < Uci, > are presented. 
3.3 Multiplicity distribution 
By investigating the multiplicity distributions of various types of secondary charged 
particles produced in collisions, dynamics of multiparticle production in nuclear collisions 
can be very well understood. Figs: 1-6 shows the multiplicity distribution of relativistic 
charged particles, compound multiplicity, ric (=n2+ n^) and multiplicity of all the charged 
particles nch. From these figures it is clear that the shapes of nj, n^  and nch distributions are 
reproduced reasonably well by the negati\e binomial distribution (NBD) [14] having the 
form: 
k 
(17) 
where n and n represent the multiplicity and the mean multiplicity; the value of k is 
determined by the expression: 
1 1 D2(n) 
7- + - = — k n n + 7^ = - ^ (18) 
Figs.l. and 5, show that the multiplicity distribution of relativistic charged particles 
for all the data sets is well reproduced by NBD fits. It is also observed that the distributions 
for 14.5A GeV/c '"Si-Em. shows a peak at around lis = 15 in Fig.l. It is obsewed that from 
Fig.2, the peak of the distributions shift towards the higher value of nj for increasing target 
mass. It is observed that in Fig.3, the multiplicity distributions of 4.5A GeV/c "'''Si-AgBr is 
not well produced by NBD fits, but the multiplicity distributions of 14.5A GeV/c :^Si-Em. is 
well produced by NBD fits. It is obsen'ed that the peak at around n,= 15 in 4.5.A GeV/c ' 'C-
AgBr. but there is no clean peak in 4.5A GeV/c '"C-Em. in Fig.4, and both the distributions 
are well reproduced by NBD fits. Also in Fig.6, both the distributions are obserxed to be 
nicely reproduced by NBD fits. 
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Fig^. Multiplicity distributions of relativistic charged particles produced in the interaction of 
^'Si-nuclei with Emulsion and AgBr targets at 14.5A GeV/c. 
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The values of n, k and Xl D.F., estimated by carrying out NBD fits are presented in 
table 3.2. The experimental values of < ns >, < n<. > and < nch > are also presented in the same 
table. It is seen from the table that the experimental values of < Us >, < nc > and < Uch > for the 
collisions of ''C-nuclei, -**Si-nuclei at 4.5A GeV/c and '^Si-nuclei at 14.5A GeV/c with 
emulsion and AgBr groups of target nuclei are essentially the same as those obtained by the 
NBD fits. 
Table 3.2 Values of < n>, k, n and y^l D.F. for NBD fits for Us, nc and Uch distributions. 
Hs 
"c 
fich 
Interaction 
4.5A GeV/c '"C-Em. 
4.5A GeV/c '"C-AgBr 
4.5A GeV/c -'^Si-Em. 
4.5A GeV/c "^Si-AgBr 
14.5AGeV/c-^Si-Em. 
14.5AGeV/c-^Si-AgBr 
4.5AGeV/c '"C-Em. 
4.5A GeV/c -^Si-Em. 
14.5AGeV/c-'^Si-Em. 
4.5A GeV/c "^Si-Em. 
14.5AGeV/c-^Si-Em. 
< n > 
8.57±0.24 
10.66±0.33 
13.26±0.45 
19.58±0.76 
22.02±0.61 
26.60±0.90 
13.15±0.42 
16.98±0.62 
26.72±0.72 
23.72±0.89 
33.68±0.87 
n 
9.77±1.34 
11.42±1.24 
12.63±0.92 
17.87±2.83 
23.08±1.45 
27.01±2.88 
17.74±1.29 
17.74±1.49 
25.45±1.36 
25.76±2.67 
33.25±7.14 
k 
0.19±0.05 
1.06±0.20 
1.18±0.02 
1.01±0.17 
0.99±0.06 
1.68±0.24 
0.71±0.14 
1.29±0.56 
0.92±0.05 
I.82±0.87 
1.76±0.58 
r / D . F . 
0.02 
0.07 
0.01 
0.04 
0.02 
0.02 
0.02 
0.02 
0.01 
0.02 
0.02 
Also shown in Figs. 7 and 8, are the Us and nch distributions for the experimental and 
FRITIOF generated data at 4.5A and 14.5A GeV/c for "'^ Si-Em. collisions. The FRiflOF 
distribution has been shown for 5000 events. It is clear from the figure that FRITIOF data 
shows no or very less fluctuations as comparison to experimental data; this may be due to the 
low statistics of experimental data. 
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3.4 Multiplicity correlations 
In order to analyze whether muhiphcity of one type of secondary particles shows 
variation with the multiplicity of other types of secondary particles turns out to be of great 
significance in multiparticle production. Researchers [9, 11-13] have attempted to investigate 
correlations of the type: ni - < n j>. where i, j ~ b. g, s and h with i f j , over a wide incident 
energy range requiring different projectiles. In this section, results on various types of 
multiplicity correlations amongst secondary particles produced in 'C-nucleus and 
~^Si-nucleus collisions at 4.5 GeV per nucleon energy and "''Si-nucleus collisions at 14.5 GeV 
per nucleon energy are given. Shown in Figs.9-11, are the variations of < Uj > with nb and n^  
and variations of < ng > with nb. From all these Figs. 9-11, it is obsei^ ved that there is a strong 
correlation of multiplicity among various types of secondary particles produced in heavy-ion 
collisions at high energy. Least squares fittings of the types < Uj > = a -t- bn; have been 
performed. The values of the slope "a' and intercept "b" for various correlations satisfy the 
following relationships: 
< ns> = -0.15+ (0.84 ± 0.14) Ub 
< Us > = - 10.03 + (0.40 ± 0.04) Ub 
<ns> = -7.76 +(0.98 ±0.05) Ub 
<n„>= 1.21 +(0.61 ±0.03)nb 
< Ug > = 2.96 +(0.33 ± 0.0 l)nb 
< ng >= 1.57 +(0.62 +0.04) Ub 
<ns> = 3.68+(0.44±0.03)nh 
<ns> = 4.50+(0.44±0.03)nh 
< lis > = 5.90+(0.49±0.02) iih 
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Figure 9. mulliplicity correiations of < n . ' with n,. 
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3.5 Pseudorapidity distribution 
Study of the angular characteristics of relativistic charged particles produced in 
nucleus-nucleus collisions at very high energies is imagined to yield some useful and 
significant infomiation about the dynamics of multiparticle production in such collisions. 
Experimental results on-angular characteristics, such as pseudorapidity of relativistic charged 
particles may be compared with the corresponding results predicted by various models on 
nucleus-nucleus interactions. This allows us to draw definite conclusions regarding the 
mechanism of production of these particles. 
Pseudorapidity distribution of relativistic charged particles is one of the most 
important fiindamental aspect of high energy collisions and yield invaluable information 
about the mechanism of particle production in these collisions. The rapidity variable, y, 
defined as y = "In ' , where E and pi denotes respecfively the total energy and 
longitudinal momentum of a particle. In nuclear emulsion experiments, rapidities of charged 
particles can not be measured directly and hence pseudorapidity variable.r) . which is Lorentz 
invariant measured. For a relativistic particle, the momentum and the total energy are same. 
Hence pseudorapidity. t], ma\ be expressed as rj = — In tan (-), where 0 is the angle made by 
a relativistic charged particle with the mean direction of the incident beam. 
The distribution of the nomialized pseudorapidity, of relati\'istic charged 
particles produced in '"C-Em. at 4.5A GeV/c, "^Si-Em. at 4.5A GeV/c and 14.5A GeV/c are 
shown in Figs. 12 and 13. The corresponding distributions for the FRITIOF data are also 
displayed in the figure. It may be noted that r| distributions of relativistic charged particles 
produced in hadron-hodron, hadron-nucleus and nucleus-nucleus collisions o\er a wide 
incident energy range are fitted [15] by the Gaussian distribution. This fact is clearly shown 
in Figs. 12 and 13. In the present study, the experimental q distributions follow Gaussian 
distribution; cur\'es in the figure are the Gaussian fits to the data. 
Page I 39 
Figure 12 -seudorapiditv distributions of relativistic ciiarqed particles 
produced m C-Em. m 4.5A GeV c, Si-Eur at 4.5A GeV c aiid 
14.5AGeV.c, 
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3.6 Gq-moments 
Fractal Geometry was first proposed by B. B. Mandelbrot [17] for looking into the 
world of apparent irregularities. Once, some problem arose regarding the physical relevance 
of non-differentiable curves and surfaces [18], h becomes necessary to introduce a new class 
of geometrical objects, called fractals. Although some elementary ideas of fractality were 
known to some physicists, the concept of fractal behavior was explicitly formulated and 
popularized by Mandelbrot. Fractal geometry allows to mathematically describe systems that 
are intrinsically irregular at all scales. A fractal structure has the property that if one 
magnifies a small portion of it; the some complexity is shown for the entire system. In reality, 
the analyticity requires that the structure be featureless at very small scales, which can never 
be the case for a self-similar structure. 
Fractals fall into two categories: geometrically self-similar or uniform fractals and 
non-uniform fractals which are called multifractals. The fiandamental characteristic of 
multifractality is that the scaling properties may be different for different regions of the 
system. The idea, therefore, is to adopt a fomialism that describes the systems with local 
properties of self-similarity. There is enough scope for studying the fractal properties of 
emitted particles spectra. Recent years, have witnessed intense experimental and theoretical 
activity in search of scale invariance and fractality in nuclear collisions at high energies. 
Occurrence of self-similarity in multiplicity fluctuations in relativistic nuclear collisions may 
be studied by carrying out fractal analysis [19]. It is important to note that while studying 
multiparticle production in relativistic nuclear collisions, one should clearly and 
unambiguously know which feaUires of high energy nuclear collisions have fractal nature. It 
has been proposed that the presence of holes of in a cantor set [17, 19, 20], as shown in 
Fig. 14, reveals fractality. The first ever containing a very large number of particles and also 
showing the existence of rapidity fluctuations was produced by cosmic rays and was 
observed by the JACEE[21] collaboration. The rapidity distribution of the relativistic 
particles recorded by JACEE collaboration was an unknown one as it possessed many peaks 
and valleys [21]. 
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Fig.l4. Cantor Set (an example of fractal object). 
The number of particles produced in a given region of rapidity space in each rapidity 
bin essentially depends on the resolution of binning. It has been mentioned that the particle 
density [19] should be of the order of or better than the separation between neighbouring 
particles. It should be mention that the empty bins in the rapidity distribution are considered 
similar to the holes in the cantor set. A distribution possessing fractal nature causes the set of 
non-empty bins to make fractal set [19]. If in the considered pseudorapidity space the number 
of bins, each of size 5r|, is denoted by M, then under the limiting situation, br\ —• 0, the 
fractal property of M leads to the following expression: 
M oc (5ri)-°o (19) 
where Do is the fractal dimension satisfying the condition, Do < 1. 
In additibn to the presence of a set of non-empty bins, there may exist many other 
subsets having different fractal properties. These subsets, when combined, are supposed to 
form a multifractal stiucture in rapidity space. All the calculations in this chapter are canied 
out using standard method of multifractal analysis [22-25]. It may be mentioned that the 
rapidity space. Ar\ = ri,,^ ^ - i]„„„ . in an event is related to bin width. 6)], through the following 
relationship: 
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where r|max and Timjn respectively represent the maximum and minimum rapidity values in an 
event. Denoting the number of particles in j " ' bin by n,, and including all the empty bins, j 
would run from 1 to M, one can estimate the total multiplicity in an event using the 
expression, n = ^j^i rij and the number of particles lying in the j * bin from pj = —. In the 
limit when 8}] is very small and shows fluctuations amongst the different bins in rapidity 
space, the quantity pj turns out to be a small number. When 5r\ —• 0, first order linear 
dependence of pj on br\ has been observed in the case of a smooth and non-flat rapidity 
distribution. A non-smooth distribution of rapidity shows some observable fluctuations, for 
such distribution this dependence of pj on St] may be given by the follow ing expression: 
P j « i5^r (21) 
where a is a positive quantity. It is important to mention that the proportionality sign is 
applicable only in the case of non-empty bins. This relationship is visualized to map bin 
label, j , to a through the binning resolution dependence, is a basic approach for investigating 
the multifractality in relativistic nuclear collisions. It is interesting to note that different bins 
are found to have different values of a. But it is also possible that a small interval in a is 
mapped by many bins. However, for a particular case, if we are interested in an interval da 
within the range, a^  < a < a^  + da, then a fractal set, Sr, is constituted by all those bins lying in 
this interval and the properties of the set depend on a^. If the investigation of ttr is carried over 
the entire range of a, a fractal set, which includes all the non-empty bins of the event, is 
constituted. Denoting the number of elements in the subset S, by Mr, the total number of non-
empty bins in the event may be expressed as: 
M ' = ^ M , (22) 
where due to the inclusion of non-empty bins only, M and M' are quite different. 
In the case of a small Sii interval. M, varies with Sr| in the following fashion: 
Mr oc (5i-i)-*(«'-) (23) 
where f(a,) appearing as exponent in the abo\'e expression is expected to provide some useful 
and interesting information about the fractal nature of all the subsets, S,; this function is likely 
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to establish a one-to-one correspondence of multiplicity fluctuations in the rapidity 
distributions. The spectral function, f(ar), is, therefore, of prime importance for investigating 
multifractality. A brief mathematical formulation for determining the spectral function, f(ar), 
and the fractal nature are presented in the next section. 
3.7 Mathematical formalism for studying multifractality 
For calculating multifractality. a selected pseudorapidity interval, Ar] is divided into 
! of equal width, Ari= -— . Let HJ be the number 
multifractal moments, Gq, may be defined [16,26] as: 
M bins  l i t , i   . t   t  r of particles lying in the j'*^ bin, then the 
', = Z^Pi^' (24) 
It is worth mentioning that in the definition of Gq summation is carried out over the 
non-empty bins only constituting a fractal set. If for a particular data sample, averaging is 
done over all the events comprising total number of events, Nevt, the average value of 
multifractal moments, <Gq > for given q is given by: 
N 
< G , > 
i i e v t 
However, if the considered rapidity distribution possesses fractal namre, a power law 
behavior [27] for <Gq > is expected over a small pseudorapidity range, Sq. which can be 
written as: 
<Cq>oc i5^y'^ (26) 
where tq are known as mass exponents. 
3.8 ln<Gq > as a function of-ln(8T]) 
Plotted in Fig. 15 are the variations of in<Gq > with -in(5i-|) for the experimental 
data. These variations are shown for the interactions of ''""Si-nuclei with emulsion target at 
14.5A GeV'c. It may be emphasized that multifractal moments exhibit a hnearly increasing 
with decreasing bin width, 5i], for the interactions of '''Si-nuclei with emulsion target at 
14.5A GeV/c. Again, this linearly increasing behaviour is obsenable over a wider range 
of-ln(5ii) for the positive order of the moments, q. in comparison to the moments for 
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negative q values, where they exhibit a saturating trend with decreasing 8r|. A decrease in 
particle multiplicity in similar bin width apparently seems to be an obvious reason for this 
behavior [29]. The linearly increasing behavior exhibited by multifractal moments in the 
rapidity space indicates the presence of self-similarity. Furthermore, for disentangling 
information about the fluctuations of dynamical nature using the multifractal moments. It is 
observed form the Fig.15. that the variations between ln<Gi, > with -ln(8ri) traces towards the 
presence of multifractality in multiparticle production in heavy-ion collisions high energy. 
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CHAPTER IV 
Summary and Conclusions 
Advancement in the technology relating to experimental high energy physics has made it 
possible to accelerate heavy-ions upto very high energies. Earlier the dynamics of nucleus-
nucleus collisions at high energies are the least understood amongst h-h, h-A and A-A collisions. 
Physics scenario on heavy-ion collision has substantially changed due to the possibility of 
creating more violent collisions between the heaviest nuclei. It is believed that in the nuclear 
collisions at RHIC and LHC energies the conditions would be reached under which a phase 
transition from the normal matter to QGP may take place. The search for the possible signatures 
of such a transition is an open question. However to able to search for the formation of QGP in 
relativistic heavy-ion collision, it is desirable to have a clear understanding of the emission 
characteristics of different secondaries produced. It is because of the fact that the study of the 
emission characteristics of the produced particles may provide some useful information about the 
conditions prevailing during the collisions. It was, therefore, considered to investigate various 
emission characteristics of secondary particles produced in nuclear collisions at relativistic 
energies. For this purpose, stacks of ILFORD G5 emulsion, exposed to 4.5A GeV/c '"C and 
" Si and 14.5A GeV/c " Si beam form AGS (BNL), have been used. In order to examine the 
dependence of various features of multiparticle production on the beam energy and mass of the 
projectile nuclei, the results reported by other workers are also analyzed. 
A well focused and systematic study of the mean multiplicities of different types of 
secondary particles produced in nuclear collisions at various energies is carried out. The mean 
multiplicity of relativistic charged particles, < Us > is observed to strongly depend on masses of 
the projectile and the target nuclei; < Us > is observed to increase rapidly with the projectile 
energy, whereas the values of < ni, > and < Ug >, within error limits, are almost insensitive to the 
projectile energy. It may be noted that the values of < Ub > and < n,^ > depend on the target mass. 
Further, the mean multiplicity of the total charged particles, < Uci, >, is found to depend on the 
product of the masses of the colliding nuclei, ApA,. This may be due to an increase in the overlap 
area of the two colliding nuclei owing to increasing sizes of the nuclei involved. 
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The multiplicity distribution of relativistic charged particles is observed to depend on the 
target mass; the distribution is broader for the heavier targets as compared to the coiresponding 
distributions for the lighter ones. 
Distribution of multiplicities of relativistic charged particles, nj, and compound 
multiplicity, nc, are found to follow negative binomial distribution. Furthermore, < nj > and 
< rich > distributions for the experimental and FRITIOF generated data is very well defined. The 
FRITIOF data shows no or very less fluctuations as compare to experimental data. It may be due 
to low statistics of experimental data. There are strong correlations of multiplicity among various 
types of secondary particles. 
On the other hand, pseudorapidity distribution of relativistic charged particles follow 
Gaussian distribution. The pseudorapidity distribution has a clear and distinct peak in the mid 
rapidity region, indicating thereby that a majority of particles are produced in the mid rapidity 
region which is most feasible in terms of energy availability for the production of new particles 
in this region. The variations of ln<Gq > with -ln(5iO hints towards the presence of 
multifractality in multiparticle production in heavy-ion collisions at high energy. 
hi the present study a comparison of multiplicity distributions and pseudorapidity 
distributions for the experimental and FRITIOF generated data has been made. It has been 
observed that the shape of these distributions is well reproduced by FRITIOF. However effect of 
statistical fluctuation in these distributions for experimental data is very well explained. 
From present study it can be asserted that a systematic and detailed study of certain 
global obser\'ables may be lead to a significant understanding of the phenomenon of 
multiparticle production in high energy nucleus-nucleus collisions. 
